Recent experiments ͓S. Bouneau et al., Phys. Rev. B 65, 144106 ͑2002͔͒ show that the sputtering of atoms from surfaces by cluster impacts behaves differently from what is expected in the classical stopping theory. The most significant unresolved questions are that the sputtering yield divided by cluster nuclearity squared ͑Y / N 2 ͒ is independent of N in the size range N =2-13 and that the energy maximum is not at the position expected from the nuclear stopping power. We use classical molecular dynamics simulations to examine the energy deposition from 0.1-18.5 MeV Au 5 and Au 13 clusters to the Au͑111͒ surface to investigate this question. The simulations show that only a portion of the energy deposited from the cluster atoms to the crystal contributes to the formation of the displacement cascade because either the cluster channels through the surface layers as one entity or, if strong collisions occur, the energy deposited in these collisions is mostly carried away from the collision region by fast knock-on atoms. Based on the observations in the simulations, we develop an analytical model that explains the N 2 effect and an energy maximum that differs from the nuclear stopping.
I. INTRODUCTION
Ion and atomic cluster beams are used widely in industry to smooth surfaces and eject material for coating and layer deposition. 1 The ejection of material, usually called sputtering, is well understood at low energies and when atomic ion beams are used. Sigmund and Clausen published already in 1981 a model which describes collisions of heavy atom or molecular ions on metals and predicts sputtering yields. 2 However, the model does not explain the recent experimental findings concerning sputtering induced by nanocluster beams. 3 The sputtering yield of nanocluster bombardment is nonlinear with cluster size. The yield is remarkably larger than the sum of yields induced by the constituent cluster atoms, if they arrived separately with the same kinetic energy. [4] [5] [6] In addition, the ratio Y / N 2 , where Y is the average sputtering yield per cluster and N is the nuclearity of clusters ͑number of atoms in a cluster͒, is independent of nuclearity in a fairly wide range of cluster sizes and energies. 6 This so-called N 2 effect
is not yet explained, in addition to some other phenomena in 50-300 keV/atom Au n cluster bombardment. 7 Moreover, the energy maximum of the sputtering yield is not at the position expected from the nuclear stopping power. Attempts have been made to explain these effects using atomistic computer simulations, [8] [9] [10] but the simulations run, until now, have not reached sufficiently high energies to examine the effects around the energy maximum. Large craters, large defects, and sputtered clusters are also observed in cluster bombardment simulations. 11, 12 The mechanism of nanocluster bombardment is not only an interesting scientific problem but has also a great value from an application point of view. Tailored applications of cluster beams could be developed more easily on the basis of better understanding of collision mechanisms. Resistance to high-energy bombardment is also important for fusion reactor materials.
In the present work, we use classical molecular dynamics simulations to examine the energy deposition from 0.1-18.5 MeV Au 5 and Au 13 clusters to the Au͑111͒ surface. Based on the simulations, we introduce a simple model called the droplet model. It combines several atomic level processes to an analytical framework that provides an explanation to the N 2 behavior of the sputtering yield and the maximum in energy. According to the droplet model, the energy dependence of the sputtering yield can be predicted by assuming that the cluster first penetrates a certain distance inside the solid as one entity and then gradually falls apart forming a spherical or ellipsoidal collision cascade. The model breaks the complicated problem of cluster collisions into smaller parts, which may be solved separately in order to develop a comprehensive theory of cluster collisions in the future.
II. METHODS
In cluster impacts, the sputtered target atoms come mostly from the surface layers of the crystal, and the sputtering yield is often directly proportional to the area of the crater induced by the impact. 13 The size of the crater is, in turn, proportional to the size of the displacement cascade, which is a region of high-energy target atoms displaced at least 2.5 Å from their initial positions. The primary cause for the cascade formation is the energy deposited from the cluster atoms when they either stop in the surface layer or move through it colliding with the target atoms. According to the simulations, this energy deposition to the surface layers lasts only 10-100 fs depending on the cluster energy. To find out the energy deposition mechanisms, we simulated these very early phases of impacts.
In the simulations, a Au͑111͒ surface was bombarded with Au 5 and Au 13 cluster at energies 20-1500 keV/atom. Although most of the experimental sputtering data are from polycrystalline targets, the Au͑111͒ crystal was chosen to investigate the basic energy deposition mechanisms without effects of grain boundaries and various crystal orientations.
The angle of incidence was 0°in the Au 13 simulations and 0°or 6°in the Au 5 simulations. The impact point on the surface as well as the spatial orientation of the cluster were varied randomly between the simulation runs. At each energy and angle, a series of 32 simulations was run to get reliable averages. The target lattice was 7 nm wide and 14 nm deep, which is large enough to ensure that the reflected shock waves do not disturb the impact area during the first 30-100 fs simulations. Position, energies, velocities, and accelerations were detected every femtosecond.
When a cluster atom moves through the Au͑111͒ crystal to the ͓111͔ direction, most of the collisions during the first femtoseconds occur with target atoms in the untouched crystal planes. Even when the cluster atom goes perpendicularly through a crystal plane, usually more than one atom in the plane interacts simultaneously with the cluster atom and the collision dynamics cannot be reduced to a series of binary collisions. Therefore, in the analysis presented in the following sections, the energy loss of a cluster atom in one Au͑111͒ unit cell is considered a collision. In other words, the energy loss of the cluster atoms is calculated in each 7.0636 Å unit cell layer. This level of accuracy is enough for calculation of the average quantities for the purposes of this study.
In addition to the first femtosecond simulations, the sputtering yields were calculated in 100-140 ps large-scale simulations. The size of the crystal lattice in these simulations was 49ϫ 49ϫ 50 nm 3 containing almost 7 ϫ 10 6 atoms, which ensured that the simulated cascades were not distorted by artificial boundaries. Because of the large number of atoms, each simulation run took several thousand hours of computer time. This limited the number of cluster and energy variations. The energies up to 280 keV/atom were possible in practice.
Electronic stopping is an important energy loss mechanism at the energies studied in the simulations. Therefore, electronic stopping was applied as a nonlocal frictional force to all atoms having a kinetic energy larger than 5 eV. 14, 15 Because the energy lost by this mechanism is removed from the system, it does not change the motion of the other atoms. A consequence is that both nuclear and electronic energy losses are included in the analysis of deposited energy, but the electronic energy loss does not contribute to the cascade formation in the simulations except the fact that it slows down the channeling atoms. Duvenbeck et al. 16 have recently shown that the energy absorbed by electrons can affect sputtering in Ag, but the kinetic energy at the surface is always considerably higher than the excitation energy of the electron gas, which justifies our approximation that only the energy deposited by the nuclear stopping contributes to the cascade formation.
The potential used in this study is based on the corrected effective medium ͑CEM͒ theory. 17, 18 The target and the clusters were stabilized using this potential before the impact simulations. Spherical clusters were used. According to ab initio calculations, planar Au cluster structures are energetically favorable up to N = 13, 19 whereas with the CEM potential, the stable Au 13 structure is icosahedral. However, our test simulations with planar Au 5 clusters show that the cluster shape does not affect the shapes of the collision cascades significantly at energies high enough to produce large craters. The ambient temperature for all simulations was 100 K. Other details of the simulation method are described in Refs. 13 and 20-22.
III. RESULTS

A. Total sputtering yields
The simulated Au 5 sputtering yields plotted as function of the cluster energy are similar in shape as the experimental Au 5 yields 6 as shown in Fig. 1 . In both cases, the maximum yield is reached at very low energies compared to the maximum of the nuclear stopping ͑Ϸ700 keV͒, 14 which rules out the most simple explanation that the yields begin to decrease with nuclear stopping.
The final sputtering yields are lower than the initial yields calculated immediately after the sputtering has stopped, because of the fragmentation of large sputtered clusters and the consequent return of material back to the surface. 12, 23, 24 In general, the fragmentation is more important for large yields, which usually contain large sputtered clusters initially. 13 This effect is taken into consideration by simulating the sputtered 6 are plotted in the right frame ͑squares͒. The Au 5 yields in the middle frames are simulated with 0°and 6°angles of incidence and the Au 13 yield in the right frame with 0°. The simulated yields are averages of three runs and the errors are standard deviations. The initial yields just after the sputtering has stopped are marked with circles, and the final yields after the fragmentation of sputtered clusters are marked with crosses. The blue lines show fittings of Eq. ͑4͒ to the data with parameters given in Table I. material an additional 3 -10 ns until the yield is stabilized. The simulated final yields are marked with crosses in Fig. 1 for comparison to the experimental values.
The Au 13 yields are in good agreement with the experimental values, whereas the Au 5 yields show only a qualitatively similar energy dependence. The experimental yield reaches its maximum at around 300 keV, which is considerably higher than the maxima found in the simulations. The difference between initial and final yields does not explain the disagreement. The experimental yields are measured from a polycrystalline target, whereas in the simulations, we have used a perfect Au͑111͒ target to simplify the analysis of effective factors. As we will show, the channeling decreases the sputtering yield at high energies. Therefore, the most obvious explanation to the disagreement is that the channeling of the cluster atoms is more probable in the simulations than in the polycrystalline target used in the experiment. In addition, the surface roughness of the real target may increase the yield. The dependence of the sputtering yield on the structure of the target is experimentally demonstrated in nanodispersed gold targets by Baranov et al. 25 At the moment, it is not possible in practice to simulate large enough polycrystalline targets to directly compare the experimental and simulated yields at energies higher than 280 keV.
B. Collision types
Before analysis of statistical quantities, let us first discuss the overall chain of events using some typical single impacts as examples. In spite of the statistical variations between impacts, common features can be easily found in a set of events. Figure 2 shows that both 1500 keV/atom Au 13 and 1000 keV/atom Au 5 clusters channel through the surface layer of the crystal very effectively when they arrive at zero angle. Single atoms can depart from the others and end up in a channel not parallel to its original channel. Also, some primary knock-on atoms move fast in channels perpendicular to the cluster track. The 140 keV/atom cluster falls apart in the surface layer, although its atoms channel separately deeper into the crystal. Destruction of the 60 keV/atom cluster in the surface layer is complete. It deposits all of its energy near the surface.
The atoms in the channel walls gain momenta perpendicular to the channel as shown in Fig. 2 . According to the binary collision theory, this is what should happen because the impact parameter is usually large in the collisions between channeling atoms and channel wall atoms. The rightmost frame in Fig. 3 shows that the atoms in the crystal planes are here and there packed tightly, probably because of the pressure induced by these collisions. This response is partly elastic and decreases the probability of crystal destruction and displacement cascade formation.
In general, the atoms of low-energy clusters undergo many small collisions in the surface layer, which destroys the crystal structure effectively over a large region. The cascade opens the surface and its content is released to vacuum, giving a high sputtering yield. 13 The high-energy clusters either channel through the surface layer or deposit their energy in a few violent collisions. However, these collisions do not usually occur near each other, and the high-energy knock-on atoms spread the energy over a large volume. So, no large displacement cascade is formed and the yield is small at high energies.
The cluster size does not affect this behavior. Figure 3 shows that the atoms of a Au 13 go in the neighboring channels. The cluster is slightly reshaped when it reaches the surface to avoid direct collisions to the crystal atoms in the first layer. After that, the mutual location of cluster atoms does not change very much when it moves several nanometers in the crystal. In some Au 13 events, the cluster atom that follows another atom from the same cluster in the same channel undergoes stronger collisions with atoms in the channel walls, because the first atom has disturbed the channel. The atom falls behind the others, and the collisions with wall atoms decelerate the atom even more, until a very violent collision departs the atom from the channel. In general, the cluster atoms depart one by one from the others due to this mechanism, and the cluster energy is deposited over a long range. This is one of the key findings behind the model introduced in Sec. IV.
At 6°, the atoms of the high-energy Au 5 clusters cannot channel easily and they undergo strong collisions with the surface atoms ͑Fig. 2͒. The atoms lose their velocity and more energy is deposited in the surface layers than in the normal angle impacts. However, the atoms do not completely stop near the surface but find channels after the strong collisions and continue their way inside the crystal. The most favorable channels for the cluster atoms in Au͑111͒ are those perpendicular to the ͑111͒ surface. Also, the low-energy clusters deposit more energy in the surface layers than in the corresponding zero incidence cases.
Ion range calculations based on the Ziegler-BiersackLittmark ͑ZBL͒ potential ͑MDRANGE software 26 ͒ show that the minimum channeling occurs at 6°angle of incidence for Au͑111͒ surfaces. In general, the channeling of clusters follows the same pattern. This is the main reason to apply the binary collision approximation to this analysis. Most of the primary collisions occur between single cluster atoms and crystal atoms, so the interactions between the cluster atoms do not have a major effect on the energy deposition.
The other crystal orientations introduce differences in channeling probability, but it is probable that the overall behavior of cluster stopping described above will be valid: Channeling increases with energy and changes with angle depending on crystal orientation. Therefore, also the sputtering yields measured from polycrystalline target have the similar energy dependence as the simulated yields from Au͑111͒ ͑Fig. 1͒.
C. Energy deposition on the surface layer
High sputtering yields come from dense displacement cascades near the surface 13 induced by the energy deposited in the surface layers. However, the energy loss from cluster atoms at the surface layers cannot directly explain the sputtering yields. Figures 4 and 5 show how the clusters lose energy in the 4.5 nm surface layer. By comparing these results to the yields in Fig. 1 , it is clear that a large portion of the deposited energy does not contribute to the cascade formation especially at 4°-6°angles. The 4°-6°impacts have FIG. 3 . ͑Color online͒ A 1500 keV/atom Au 13 cluster penetrating into to the Au͑111͒ crystal. The rightmost frame shows disorder in the same region after 55 fs. more strong collisions, as discussed in the previous section, and therefore, we can conclude that, especially, the energy deposited in these strong collisions does not contribute to the cascade formation. Figure 4 shows that the angle of incidence does not affect very much on energy deposition at 60 keV/atom, whereas at 1000 keV/atom, the difference is remarkable. This is because the total cluster energy is deposited in the surface layers at low energies regardless of the angle of incidence and because channeling decreases with the angle at high energies. The depth of 4.5 nm was chosen because the simulation indicates that no large surface cascade is formed if the energy is deposited mainly on the deeper layers.
The initial temperature of the target lattice does not considerably affect the energy deposited at the 4.5 nm surface layer at 500-1500 keV/atom. In other words, the atoms are channeled trough the surface layer when the temperature is less than 700 K. Therefore, we conclude that the sputtering yields simulated at 100 K are comparable the experimental values measured at 300 K. However, the energy loss becomes 2-3 times higher at the layers located deeper than 5 nm when the temperature increases from 300 to 700 K. This indicates that the average range of cluster atoms decreases rapidly at high target temperatures, and the shape of the collision cascade is then more spherical.
D. Induced velocities
Two components of momentum induced in the rectangular region around the cluster track are shown in Fig. 6 . The vertical component is perpendicular to the surface and has negative values, indicating that the displaced crystal atoms are, in average, moving deeper into the crystal. The horizontal component is the sum of absolute values of all atomic momenta parallel to the surface, regardless of their direction on the plane. Therefore, the horizontal component is always positive and describes mobility parallel to the surface.
Both components of the induced momentum first increase with time and then decrease slowly because momentum is transferred outside the rectangular region. The saturation is reached earlier at high energies because the fast channeling cluster atoms leave the region. At zero angle of incidence, the small energy clusters induce a considerably large momentum than the high-energy clusters, which again leads to the conclusion that channeling decreases cascade formation. At 6°the largest momenta are induced at 280-1000 keV. However, the momenta begin to decrease after 15 fs, indicating that jumps of knock-on atoms transfer momentum outside the track region. Large-scale sputtering simulations are not available above 280 keV/atom, but even the 280 keV/atom yield is small compared to the large momentum induced immediately after the impact. Figure 7 shows that high-energy collisions are rare compared to collisions of 50 keV/collision or less. However, they deviate the atoms from their route more than the low-energy collisions. In some collisions, the cluster atoms gain energy, which indicates that complicated collision events occur. The gained energy comes from other cluster atoms either directly or transmitted by the crystal atoms. This is visible as a negative energy in Fig. 7 .
E. Filtered events
The collisions between cluster and crystal atoms can be classified in three categories. Firstly, the collisions to channel wall atoms do not very much contribute to cascade formation, because the energy deposited is, in most cases, small or it is partly absorbed in the elastic packing of crystal planes, as discussed in Sec. III B. Secondly, the strong collisions of high-energy atoms do not contribute to the cascade formation either, because the energy is transmitted elsewhere to the crystal by the fast knock-on atoms and these collisions do not occur near each other. Finally, the collisions depositing relatively small energies and occurring close to each other induce dense displacement cascades. 27, 28 An important quantity in this process is the mean free path between displacement collisions. For single Au ion bombardment of a Au target, the mean free path of the primary knock-on atoms can be approximated with the following formula: 27 d Ϸ 0.000 12
.
͑1͒
E i is the energy of the ion and E c the energy gained by the knock-on atom. When E i ӷ E c , we can approximate that d ϰ ͱ E i E c . At E c = 10 keV, the free path increases from 5 to 16 nm when the ion energy increases from 60 to 1500 keV. Therefore, the probability that the displacement collisions of knock-on atoms form a dense network around the cluster track decreases with E c .
To test the assumption that only particular collisions contribute to cascade formation, we sorted the collisions according to their energy and filtered out channeling collisions and high-energy collisions. The results are shown in Fig. 8 . A collision is considered as a channeling collision if E i Ͼ 50 keV, E c Ͻ 20 keV, and ␦v h Ͻ 50 km/ s, where ␦v h is the change of the horizontal velocity. The high-energy collisions are defined to have ͱ E i E c Ͼ 70 keV. This limit is somewhat artificial, because there is no clear energy limit for the collisions inducing cascades. The contribution of very weak collisions that exchange energy less than a typical displacement energy, that is, 44 eV for Au, 27 is negligible. The filtered energies correspond to the sputtering yields ͑Fig. 8͒. For comparison, the functions listed in Table I are plotted against the energy curves scaling them linearly. The portion of energy contributing to the cascade formation can be called damage energy. Figure 9 shows how a typical 280 keV/atom cascade develops to a full crater gradually. At 100 fs, the cascade has started to develop and subcascades induced by departed cluster atoms and fast knock-on atoms are shown. The width of the cascade is around 40 nm.
F. Cascade expansion
The expansion goes on until the cascade has reached its full size at around 1 ps. From this and other visualizations, it is clearly seen that during the expansion, the knock-on atoms first induce subcascades leaving crystal structure untouched between them. Later, the structure collapses because of the expansion of the subcascades. This leapfrogging continues until the energy density of the frontier is too weak to displace atoms. The jumps of knock-on atoms are shorter than 1 nm, indicating that the primary high-energy knock-on atoms are not contributing according to Eq. ͑1͒.
After that, the cascade still expands because of melting of the border regions and especially because the pressure inside the cascade pushes the borders further. Pressure induced coherent displacements are clearly seen in Fig. 9 . The release of the pressure and sputtering mechanisms are discussed in a related article. 
IV. DISCUSSION
A. Droplet form
We now introduce a mathematical model that describes the average energy deposition in cluster collisions and predicts the sputtering yield. The model is based on the average form of collision cascade observed in the simulations, which is a consequence of the cascade development mechanisms discussed in the previous sections. The model has an interesting geometrical interpretation, which leads us to call it the droplet model. At small angles of incidence, the displacement cascades have, in average, a droplet form that emerges from the atomic level processes of cluster energy deposition and cascade development. Examples of the form are shown in Fig. 10 .
Bombardment of gold crystals in molecular dynamics simulations with gold clusters of different nuclearities and energies shows that the collision cascade inside the crystal has a rather regular form and size when the cluster has more than a few atoms. The form of the cluster collision cascade depends on nuclearity and energy of the cluster, the main characteristics being the following. Low-energy clusters stop onto the surface, which is called cluster deposition. More energetic clusters, e.g., 10 keV/atom Au 5 , produce a collision cascade beneath the surface that has the form of a hemisphere. High-energy clusters ͑E Ͼ 100 keV/atom Au 5 ͒ first penetrate inside the crystal lattice as a whole leaving a track of energetic atoms behind them. Let us call this cylindrical track the tail. When a high-energy cluster is slowed down enough, it gradually falls apart and forms an ellipsoidal collision cascade inside the solid. At very high energies, the cascade is almost like a thin cylinder.
The droplet shape consists of a half ellipsoid and a tail as shown in Fig. 10 . As the cluster energy increases, the cluster penetrates deeper into the crystal and both the droplet tail and ellipsoid become longer. The intersection area A of a droplet tail and a crystal surface can be calculated by describing the profile of the tail with the Gaussian function
where R is the radius of the intersection and L is the length of the tail. L can be interpreted to be the depth of the thickest part of the cascade where the most damaging energy release has occurred ͑Fig. 10͒. The simulations indicate that the tail is relatively independent of nuclearity because of the channeling. So, L grows with channeling.
On the other hand, the sputtering yield Y is approximately linearly proportional to the crater area, although it is a sum of yields caused by different sputtering mechanisms. 13 Thus, the sputtering yield and the form of the cascade are related.
B. Origin of the droplet form
The cluster track through the 5 -10 mm surface layer is initially less than 1 mm wide cylinder perpendicular to the surface. Immediately after the cluster has passed a layer, the track consists of primary knock-on atoms that have different energies and directions depending on types of collisions. The knock-on atoms jump out from the track to distances according to the mean free paths defined in Eq. ͑1͒ starting to form a displacement cascade. Because the track is cylindrical, we can reduce the problem to two dimensions and consider jumps and displacements of knock-on atoms only in layers parallel to the surface.
The average damage energy E d induced in a surface layer by each cluster atom is approximately
where E i is the energy of the cluster atom and B is a parameter. The exponent function describes the probability of cascade inducing collisions at the surface. This particular functional form is chosen because of the droplet form discussed in the previous section. It is a damping factor that sums up all effects that either decrease the energy deposition, like channeling, or decrease the damage accumulation in the vicinity of the initial track, like long jumps of high-energy knock-on atoms.
If we approximate that Eq. ͑1͒ is valid also for secondary knock-on atoms, then both the primary and secondary jump lengths are approximately proportional to ͱ E d . In other words, the longer the jump, the larger the subcascade it induces. If the subcascades overlap, a uniform displacement region formed. Otherwise, the subcascades remain separated by crystalline regions. This has two consequences.
͑1͒ If the number of primary knock-on atoms is doubled, the cascade will be twice as wide as the original. The geometrical reasoning leading this assumption is explained in the Appendix.
͑2͒ The diameter of the cascade grows also proportional to
The knock-on process continues until the energy of the displaced atoms is not high enough to induce more displacements. The expansion of the cascade can be roughly described as a process of discrete steps where, at each step, a cylindrical cascade sends knock-on atoms radially out from its surface and these atoms form subcascades which, in turn, form a new layer of displacements around the original cascade. The diameter of the cascade is proportional to
where N is the cluster nuclearity ͑number of atoms in the cluster͒. It is assumed that the cascades induced by the cluster atoms develop independently and the radius of the unified cascade increases linearly with the number of cluster atoms.
The sputtering yield Y is linearly proportional to the crater area. 13 On the other hand, the crater diameter is about the same as the cascade diameter, as shown in Fig. 9 . Thus
If we substitute Eq. ͑1͒ to this relation, we get an empirical formula for the sputtering yield, At this stage, the cluster has broken apart and its energy is deposited to the secondary atoms, which has moved away from the initial collision region. Right: Schematic figure of the droplet model. Sputtering yield depends on the intersection area of the surface and the droplet shape, which describes the average shape of collision cascades. The portions of the imaginary droplets inside the solid have variable shapes depending on energy, and the cross section area varies. At low energies ͑a͒, the shape is almost perfect hemisphere, and at high energies ͑c͒, the shape is almost a cylinder. Between these extremes, a droplet shape appears ͑b͒.
where B and C are adjustable parameters. Y / N 2 does not depend on nuclearity, as Bouneau et al. have observed with a polycrystalline target. 6 Equation ͑4͒ is a good approximation even when the final phases of the expansion of the cascade are strengthened by the pressure inside the cascade, because the pressure inside the cylindrical cascade is proportional to the diameter. This is based on the observation that the atoms move, on average, toward the surface of the cascade, leaving a void region in the center ͑Fig. 9͒. So, the displacement cascade is not a classical gas container where the gas has a homogeneous density.
C. Validity of the model
The model is valid for clusters coming at 0°-6°angle of incidence so that the cluster atoms relatively easily go into the channels perpendicular to the surface. Larger angle of incidence or grain boundaries in polycrystalline targets distort the droplet form and a more complicated mathematical formulation is required. However, the basic energy deposition and cascade development processes are the same.
The experimental Au 5 yield from a polycrystalline target has its maximum at considerable higher energy than the simulated yields from Au͑111͒. According to the model, this is a consequence of lower probability of channeling. In a polycrystalline target, the yield is an average of yields from microcrystals with various orientations. Because Au͑111͒ has relatively low channeling probability, the yield from a polycrystalline target should rather have its maximum lower at the energy scale than the yield from Au͑111͒. Thus, the lower channeling probability should have an explanation that is based on some other properties of polycrystalline targets. A possible explanation is the higher collision probability at grain boundaries. The finer grains in the target, the higher is the probability that the cluster hits a close neighborhood of a grain boundary. The cluster atoms or the primary knock-on atoms have to cross the boundary when they pass the surface layer. This increases the number of displacement collisions and decreases the channeling probability. Test simulations confirm this qualitatively.
Equation ͑4͒ is fitted to the yield data ͑Fig. 1͒, and the resulting parameter values are listed in Table I . In the model, the parameter B defines the place of maximum yield and describes the probability of channeling and the other factors decreasing the cascade formation. Its value depends on the angle of incidence as the Au 5 simulations show. The value is larger at normal incidence, and the maximum yield is reached at lower energy than at 6°.
B has the same value within uncertainty in the normal incidence Au 5 and Au 13 cases, which means that the maximum yield is reached at the same energy. This is one requirement for the observation of the N 2 effect, because the experimental sputtering yields Y / N 2 of clusters of different sizes have their maxima at the same energy. 6 On the other hand, the parameter C does not have the same value in the Au 5 and Au 13 cases, which is an indication that the N 2 is not reproduced. However, neither experimental nor simulated Au 13 data are available at high energies, and it is not possible to make a conclusion whether or not the N 2 effect is really reproduced in these simulations. It is also possible that the effect is characteristic for the polycrystalline targets, but in single crystal targets, the parameters B and C depend on nuclearity.
Shao et al. has developed a model for cluster induced displacement cascades based on the same idea of overlapping cascades of the cluster atoms, 30 but the mathematical formulation of their model is different than ours. They conclude that the overlap mechanism provides an adequate description for cluster induced cascades, and their model can predict how the damaged region in silicon grows with Au cluster size. This result supports our conclusion that the overlapping cascades of the cluster atoms are the main reason for the nonlinear effects in cluster impacts. On the other hand, the analysis of the collision mechanisms presented in the previous sections provides explanations on how the cluster atoms deposit their energy and how their overlapping cascades finally form the large displacement region.
The droplet model shows that at least the main features of the cascade development can be explained without considering special coherent interactions of the cluster atoms when they move through the material or coherent effects such as Coulomb explosion in the cascade. [31] [32] [33] [34] In the interaction model used in the simulations, the attractive interatomic forces depend solely on the approximated electronic density induced by the neighbor atoms without any excitations or electronic correlation effects. The short distance repulsive forces are calculated using the ZBL approximation, 14 which describes single ion collisions with a target. However, there is experimental evidence that the nuclear stopping power of an atom in a cluster is less than the nuclear stopping of a single ion, 35 probably due to the sheltering effect. Interactions between closely moving cluster atoms, known as vicinage effects, introduce even more complicated interactions than the sheltering effect, and these effects are under discussion. 34, [36] [37] [38] The droplet model is based on several approximations which are valid in target elements similar to gold. In many respects, the model is very general and we suppose it is valid for all dense materials, which do not have structure that distorts collision cascades spatially.
V. CONCLUSIONS
Energy deposition during the first femtoseconds in nanocluster impacts is analyzed using molecular dynamics. It is shown that the sputtering yield is not directly proportional to the energy deposited from the clusters in the surface layers, especially at high energies. Most of the energy deposited in high-energy head-to-head collisions does not contribute to displacement cascade formation, which decreases the sputtering yield. In addition, a cluster can channel through the surface layers as one entity undergoing no violent collisions with the crystal atoms.
A model that gives the average sputtering yield as function of the cluster energy is given. The model demonstrates that the energy dependence of cluster induced sputtering yields can be, to a great extent, explained considering the effective damage energy deposited from the cluster and assuming that the first phases of the displacement cascade expansion are dominated by jumps of knock-on atoms. The model can explain the N 2 effect and an energy maximum that differs from the nuclear stopping. However, it cannot reproduce the highest-energy tail of the experimental data, which is most likely due to differences in sample structure.
The model also demonstrates that the atomic level processes, which are building blocks of the model, can be reasonably simulated with molecular dynamics, which is an application of classical equations of motion and where the interactions are modeled with rather approximative interatomic potentials. Therefore, we conclude that the most dominant features of cluster collisions and sputtering in fcc metals can be explained without reference to coherent phenomena such as Coulomb explosion or coherent quantum states inside the cascade. 
APPENDIX: SUBCASCADE OVERLAPPING
Let R be the distance that a knock-on atom moves from its initial position before it collides with a lattice atom and let r be the radius of the subcascade it induces. If both R and r are linearly proportional to ͱ E, where E is the energy of the knock-on atom, then r ϰ R.
Let us assume that n knock-on atoms are induced in a cluster track approximately at the same depth, they all have the same energy, and they spread horizontally. Because they have the same energy, they induce subcascades at a circle of radius R. The cascades begin to overlap if the sum of their diameters is equal to the circumference of the circle and if the subcascades are located at regular intervals. Let be the angle between the tracks of two knock-on atoms. Then, the cascades begin to overlap if r cos͑/2͒ = R sin͑/2͒. ͑A1͒
Because r ϰ R, the condition for the overlapping does not depend on energy of the knock-on atoms. Instead, the overlapping occurs if is small enough; in other words, enough knock-on atoms are induced. If the first cluster atom induces a number of knock-on atoms that are enough to cover only half of the circumference, then two cluster atoms induce enough knock-on atoms to cover the circumference. Thus, doubling the number of cluster atoms doubles the radius of the final cascade. *juha.samela@helsinki.fi
